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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
This paper presents the failure analysis of the rod of an oleo-hydraulic cylinder of a machine for fatigue testing large diameter 
heavy duty cables for marine applications. A distinct feature of this machine is its size: the 3990 mm long rod has an outside 
diameter of 340 mm. The rod is manufactured machining a solid cylinder of 42CrMo4 steel, along most of its length, into an 
hollow cylindrical rod with inside diameter 165 mm. Typical maximum loads applied are of the order of 10000 kN. In one of the 
extremities where load is applied, the rod is solid (not hollow), and the complete fracture occurred in the transition of the solid to 
the hollow parts, during a test performed under maximum load of 8200 kN under R (load ratio) of approximately 0. 
The fracture is flat and perpendicular to the rod axis, ie to the load direction, revealing a smooth surface appearance. Fracture 
surface roughness increases from the inner to the outer radius. Close to the outer radius evidence of ring-like beach marks was 
found. The fracture was due to fatigue cracking initiated at the fillet radius of the transition solid/hollow rod, and propagated until 
complete, sudden fracture. 
The paper discusses this case in the light of (i) a conventional Soderberg approach, and (ii) a DIN 743 analysis. Lessons learned 
in the case, particularly as concerns a comparison of the typical Soderberg approach and the DIN 743 procedure, are presented. 
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1. Introduction 
The piston rod of a hydraulic cylinder of a testing machine, used for fatigue and tensile testing of cables, suffered 
sudden complete rupture while the machine was performing a fatigue test. The rod cylinder was machined internally, 
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producing a hollow cylinder along most of its length. A distinct feature of this machine is its size: the 3990 mm long 
rod has an outside diameter of 340 mm. The rod is manufactured machining a solid cylinder of 42CrMo4 steel, along 
most of its length, into an hollow cylindrical rod with inside diameter 165 mm. Typical maximum loads applied are 
of the order of 10000 kN. In one of the extremities where load is applied, the rod is solid (not hollow), and the 
complete fracture occurred in the transition of the solid to the hollow parts, during a test performed under maximum 
load of 8200 kN under R (load ratio ) of approximately 0.The fracture occurred in the shoulder fillet in the end of the 
hollow part of the rod. Figure 1 shows the fracture surface. The fracture surface reveals different mechanisms of 
cracking. The dominant type of fracture surface is of smooth appearance, resulting from fatigue, constituting a ring 
around the machined internal hollow region of the rod. Concentric lines, beach marks or striations typical of fatigue 
fractures, are identified in the periphery of this smooth ring surface, Figure 2, which also displays the final fracture 
region; a detail of a plane stress fracture (inverted cone) appearance at the shaft surface is evident. The surface 
quality resulting from the machining operation can be considered rough, with deep grooves, as can be seen in Figure 
3. 
Rod material testing consisted of tensile, hardness and Charpy testing, and microstructure and metallographic 
characterization. The failure analysis carried out involved the finite element modelling of the component, since it 
was realized that the shoulder fillet radius, in the transition from hollow to full cylinder, could be the origin of the 
inadequate fatigue strength of the rod. 
 
  
 
Figure 1 – Fracture surface. Figure 2 – Detail of the outer part of the 
fracture surface, showing the dominant fatigue 
region (smooth surface). 
Figure 3 – Fatigue surface, and appearance of 
the machined interior surface of the rod. (the 
photograph shows some oil still present in the 
rod when the photo was taken). 
2. Finite element analysis of the stress concentration factor in the rod  
In order to determine the stress concentration factor of the shoulder fillet of a rod, a finite element model was 
built using ABAQUS software. The radii at the shoulder fillet considered for this study were: 1 mm, 2 mm, 3 mm 
and 15 mm. Axisymmetric elements were employed, with quadratic formulation and reduced integration (ABAQUS 
element reference: CAX8R). As an example, the geometry and the boundary conditions applied for the model with a 
radius of 3 mm are presented in Figure 4. Several mesh element sizes were evaluated in order to determine the 
effective stress concentration factor. For the finest mesh, the results of yy stress are presented in Figures 5, 6 and 7. 
The element face size for this case is visible in Figure 7, corresponding to a face width of 0.05 mm.  
The evolution of the concentration factor for the different radii is presented in Figure 8. The minimum element 
face size for an accurate stress concentration factor determination depends on the radius considered. However, after 
this study, it is concluded that using quadratic elements, the element face width should be 10 times less than the 
radius. 
Considering the different models built, a calibration of the stress concentration factor was obtained, Figure 9. As 
expected, this factor increases when the radius decreases; the increase is particularly important for low values of 
radius, compromising the integrity of the rod piston. The maximum in-plane stress is also obtained from the finite 
element models; for the case of a radius of 1 mm, its direction is shown in Figure 10. Looking to the direction of 
maximum stress, the ledge on the fracture surface is in accordance with this direction.  
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Figure 4 - ABAQUS 
FE model with a 
radius of 3 mm, with 
boundary conditions. 
Figure 5 - Contour map 
of stresses in yy direction 
and point of maximum 
stress 
Figure 6 - Contour map of von Mises 
stresses, detailed view 
Figure 7 - Contour map of stresses in yy 
direction, detailed view with elements 
representation. 
 
 
Figure 8 - Element face size vs. stress concentration 
factor for different radii. 
 
Figure 9 - Stress concentration factor calibration for the shoulder fillet 
of the rod, considering different radii. 
 
 
Figure 10 - Direction of the maximum in plane stresses. Figure 11 – Schematic representation of a cut of the rod by a plane 
containing the axis. 
 
As represented schematically in Figure 11, the fractured surface reveals an approximately circular ridge, where 
the fatigue surface begins, followed by a transition towards a planar flat surface. 
The stress analysis performed is fully consistent with the crack morphology. The crack starts in the shoulder 
fillet in a plane perpendicular to the direction of the maximum principal stress; after the crack initiation, creating the 
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ridge observed, the crack path should tend to a plane perpendicular to the cylinder axis, and this is fully consistent 
with the observed crack surface, Figure 1.  
3. Analysis based on the Soderberg fatigue criterion 
The approach follows typical machine design textbook presentation, eg Childs (2004). Tensile testing gave steel 
rupture and yield stresses of 830 MPa and 621 MPa respectively. The shoulder fillet radius in the fractured rod is 
approximately 1mm. Theoretical stress concentration factor Kt obtained in ABAQUS for 1mm radius is Kt=6.6. 
Hardness is 251 HBW. Notch sensitivity index q, a function of (i) the steel and its hardness, and (ii) of Kt, is 
estimated in this case as q=0.5. Practical stress concentration factor (also called ‘fatigue stress concentration factor’) 
is therefore:  
 1 1 3.8f tK q K       (1) 
Surface quality effect is a function of the rupture strength of the material, and of the manufacturing process, in 
this case machining; it is estimated as C=0.7. Size effect typically associated to stress gradients resulting from 
bending (or torsion), was not considered; however, a reduction of yield and rupture stresses due to the large diameter 
is foreseen in steel suppliers data. Fatigue limit under R=-1 is assumed to be half of the rupture strength. However 
that relationship holds for normal stress resulting from bending moment. If, as in the present case, normal stress 
results from axial loading, the fatigue strength value should be corrected by the multiplying factor 0.8. The approach 
based on the Soderberg diagram, not taking into account the necessary safety factor, ie assuming N=1, 
0
1f a mc
f yield
K  
 
     (2) 
min max0 a mR             
 
max max
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            
      
 
  (3) 
implying a maximum load of 913 ton. This is a result of considering axial effort only, and not considering the 
necessary safety factor (ie, in the above calculation safety factor is N=1). Axial loading only is considered, since 
eventual bending effects were considered small. A study of the crack surface reveals that the fatigue crack is not 
precisely axisymmetric, suggesting that some bending load was present during the crack propagation. Details of this 
analysis are given in Figures 12 to 14. In particular, the analysis performed on Figure 12 revealed that the hollow 
cylinder is not precisely concentric. SOLIDWORKS software was used for the estimation of the areas corresponding 
to fatigue and to final rupture, Figures 13 and 14 respectively. 
As simplifying assumptions, no reference was made to eventual bending effects, or to eventual oil pressure 
effects, both of which could further decrease the load capacity of the rod. For this type of calculation a safety factor 
N greater than 2 is advisable. 
Using N=2 this study indicates that the failed rod could be submitted to cyclic loading with R=0 and maximum 
load of the order of 450 ton, far below the levels of loading that according to the owner of the machine were applied. 
Given the strong evidence that the cause of the failure is the inadequate design of the shoulder fillet radius, the more 
detailed DIN 743 was not necessary to reach conclusions. However DIN 743 was used for an analysis of a new rod, 
with a larger fillet radius 15mm, as presented later. 
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Figure 12 – Estimate of the areas of 
fatigue fracture (smooth appearance surface) 
and final rupture (surface with a coarser 
appearance). 
 
Figure 13 – Fatigue crack area. 
 
Figure 14 – Final rupture area. 
 
4. New rod: simplified analyses using Smith diagram and Soderberg criterion 
Theoretical stress concentration factor obtained in ABAQUS, is now Kt=2.7. Hardness is 251 HBW. Notch 
sensitivity index q, a function of (i) the steel and its hardness, and (ii) of Kt, is estimated in this case as q=0.8 . 
Practical stress concentration factor is now:  
 1 1 2.36f tK q K       (4) 
Surface effect is estimated as C=0.7. Size effect typically associated to stress gradients resulting from bending (or 
torsion), is not considered. Fatigue strength under axial loading and R=0, assuming that the load varies cyclically 
between a value close to zero and the maximum value, was obtained from available Smith diagram for this steel and 
for this type of loading (axial loading), Wittel et al. (2013). For the present loading assumption, max 685MPa . 
No correction factor for ‘type of load’ was considered, since the mentioned reference gives data specifically for the 
relevant loading (axial loading). Not taking into account the necessary safety factor, as a first approximation the 
calculation was carried out as follows: 
 
 2 2 maxmax
2 2
360 165
16336552N 1667 ton
4360 165
4
f f
CCF F F
K K
 

 
     

  (5) 
This is a result of considering axial effort only, and not considering the necessary safety factor (ie, in the above 
calculation safety factor is 1). The simplifying assumptions mentioned above were again applied.  
An alternative approach, strictly based on the Soderberg diagram, would be as follows, again not taking into 
account the necessary safety factor, ie assuming : 
 
max max
max
max
2.36
2.36 1 22 2 1 1 170.0MPa
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 
  (6) 
implying a maximum load of 1367 ton. 
This second calculation confirms the order of magnitude of the first approach: 1367 ton, to be compared with 
1667 ton. Again, the necessary safety factor was not taken into account, ie N=1 was assumed so far, and simplifying 
assumptions involved are: (i) pressure effects, which may reduce the value of F indicated were not considered, and 
(ii) pure axial loading is considered. 
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5. Approach following DIN 743 
The standard DIN 743 (2000) was briefly reviewed in a presentation to the Materiais 2015 conference, Tavares 
and de Castro (2015). Due to its specificity, the notation of the standard is used here. The fatigue safety factor can be 
determined as: 
1 22 2
zda ba ta
zdADK bADK tADK
S   
  

    
       
     
   (7) 
where  zda ,  ba  and  ta  are the stress amplitudes due to tension/compression, bending and torsion, respectively, 
and  zdADK  , bADK  and  tADK  are the permissible stress amplitudes taking into account the material fatigue strength 
for tension/compression, bending and torsion, respectively. Since in this problem only tensile stress is considered, 
the safety factor is determined as zdADK zdaS   . Considering only the tensile stress on the rod piston, given by: 
 2 2zd e iF r r        (8) 
where re and ri are the external and internal rod piston radii, respectively. The amplitude and the mean values of this 
tensile stress is given in this case by: 
 2 22zda zdm e iF r r          (9) 
Combined mean stress, mv  is given by: 
 
2 23mv zdm bm tm          (10) 
In the present study, mv zdm   and it is constant (case 1 of DIN 743), then the permissible stress amplitude
zdADK  is given by: 
zdADK zdWK zd K mv         (11) 
where  zdWK  is the tension/compression fatigue strength for this piston configuration, given by: 
   1zdW B eff
zdWK
d K d
K



    (12) 
where   zdW Bd  is the fatigue strength obtained from laboratory specimens. The factor zd K  is given by: 
   1 eff2 d
zdWK
zd K
b b zdWKK d



 

  
   (13) 
The effective diameter ( effd ) according to FKM (2012), is: 
2 360 165 195 mmeffd t        (14) 
The technology size factor K1(deff), for a steel in annealed condition and for 32 mm<deff<300 mm is given by: 
1
1951 0.26 log 1 0.26 log 0.718
2 2 16
eff
B
d
K
d
   
         
  
  (15) 
The yield strength, according to measurements is   621 MPaS Bd   . Considering the deff of this rod piston, the 
yield strength will be: 
     1 0.718 621 445.7 MPaS eff S Bd K d d         (16) 
The stress concentration factor for the critical point, obtained by finite element analysis previously presented is 
2.7  . The notch sensitivity factor is obtained from DIN 743-2 using the stress gradient and the yield strength of 
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the material. For the stress gradient, considering as a reference the shaft detail presented in Figure 15, can be 
estimated for tensile stress, as: 
 2.3 1' 0.17G
r

     (17) 
where ϕ is: 
1 0.088
4 2t r
  
 
   (18) 
 
Figure 15 - Reference geometry to estimate the stress gradient (G’), FKM (2012). 
 
then a notch sensitivity factor of n=1.05  is assumed. Therefore, the notch effect coefficient is: 
2.7 2.57
1.05n

       (19) 
The geometric size factor K2(d) for this case is 1, since that it is only considered tensile stress. The surface 
roughness factor, FK  , is given by: 
 
 1 0.22 log log 1
20
B
F
d
K Rz
  
       
  
   (20) 
where Rz is the surface roughness in μm and  B d  is the yield strength of the material and considering the 
effective diameter. For the present case, the surface roughness factor is: 
 
445.71 0.22 log 32 log 1 0.884
20F
K 
  
       
  
   (21) 
The factor of surface hardening ( VK ) is considered 1, since no information about surface hardening is available. 
Therefore, the total tensile fatigue factor is: 
 2
1 1 2.57 1 11 1 2.7
1 0.885 1F V
K
K d K K



   
               
  (22) 
Since fatigue properties for the steel 42CrNiMo4 in the condition used in the rod piston are not available, 
according to DIN 743-3 the fatigue strength, zdW  is approximately 0.4 of the tensile strength ( B ), which for this 
steel is about 830 MPa. Therefore, the fatigue strength is assumed to be 332 MPazdW  . Therefore, the 
compression/tensile fatigue strength for the present case is: 
   1 332 0.718 88.2 MPa
2.7
zdW B eff
zdWK
d K d
K


 
      (23) 
and the factor zd K is: 
   1 eff
88.2 0.08
2 d 2 0.718 830 88.2
zdWK
zd K
B b zdWKK d



 
  
     
  (24) 
then the permissible stress amplitude,  zdADK  , is: 
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5. Approach following DIN 743 
The standard DIN 743 (2000) was briefly reviewed in a presentation to the Materiais 2015 conference, Tavares 
and de Castro (2015). Due to its specificity, the notation of the standard is used here. The fatigue safety factor can be 
determined as: 
1 22 2
zda ba ta
zdADK bADK tADK
S   
  

    
       
     
   (7) 
where  zda ,  ba  and  ta  are the stress amplitudes due to tension/compression, bending and torsion, respectively, 
and  zdADK  , bADK  and  tADK  are the permissible stress amplitudes taking into account the material fatigue strength 
for tension/compression, bending and torsion, respectively. Since in this problem only tensile stress is considered, 
the safety factor is determined as zdADK zdaS   . Considering only the tensile stress on the rod piston, given by: 
 2 2zd e iF r r        (8) 
where re and ri are the external and internal rod piston radii, respectively. The amplitude and the mean values of this 
tensile stress is given in this case by: 
 2 22zda zdm e iF r r          (9) 
Combined mean stress, mv  is given by: 
 
2 23mv zdm bm tm          (10) 
In the present study, mv zdm   and it is constant (case 1 of DIN 743), then the permissible stress amplitude
zdADK  is given by: 
zdADK zdWK zd K mv         (11) 
where  zdWK  is the tension/compression fatigue strength for this piston configuration, given by: 
   1zdW B eff
zdWK
d K d
K



    (12) 
where   zdW Bd  is the fatigue strength obtained from laboratory specimens. The factor zd K  is given by: 
   1 eff2 d
zdWK
zd K
b b zdWKK d



 

  
   (13) 
The effective diameter ( effd ) according to FKM (2012), is: 
2 360 165 195 mmeffd t        (14) 
The technology size factor K1(deff), for a steel in annealed condition and for 32 mm<deff<300 mm is given by: 
1
1951 0.26 log 1 0.26 log 0.718
2 2 16
eff
B
d
K
d
   
         
  
  (15) 
The yield strength, according to measurements is   621 MPaS Bd   . Considering the deff of this rod piston, the 
yield strength will be: 
     1 0.718 621 445.7 MPaS eff S Bd K d d         (16) 
The stress concentration factor for the critical point, obtained by finite element analysis previously presented is 
2.7  . The notch sensitivity factor is obtained from DIN 743-2 using the stress gradient and the yield strength of 
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 2 2
88.2 0.08
2zdADK zdWK zd K mv e i
F
r r
   

     

  (25) 
and the safety factor is, for this case: 
 
 
2 2
2 2
88.2 0.08
2
2
e izdADK
zda
e i
F
r r
S F
r r



 

 

   (26) 
Considering the minimum safety factor of 1.2 according to DIN 743 the maximum load for this rod is 11.82 MN, 
corresponding to about 1205 ton (or 1446 ton =12051.2 ton, if the safety factor was 1).  
6. Concluding remarks 
Soderberg criterion for shaft design is a straightforward approach found in several textbooks and manuals. DIN 
743 is a less widespread approach, but it is more comprehensive, considering additional effects that may be 
neglected by Soderberg based approaches. The application of both approaches for the verification of this rod design 
showed small differences. Considering, just for the sake of comparison, a safety factor of 1 for both approaches, a 
difference of approximately 5% (1367 ton vs. 1446 ton) was found. However, for the use of the Soderberg criterion 
a safety factor bigger than 1.2 is recommended, whereas DIN 743 allows the use of 1.2. 
This report shows that the rupture of the rod of the hydraulic cylinder of a testing machine for large size cables 
was a fatigue failure resulting from the excessive stress concentration factor of the shoulder fillet in a detail of the 
rod. 
Revised design improvements might possibly be obtained: 
• using a steel with higher strength, such as 30CrNiMo8; 
• considerably reducing the level of stress concentration (ie, augmenting the shoulder fillet radius); 
• improve the surface finishing, for instance, by grinding; 
• applying fatigue strength improvement techniques (shot peening, …); 
• using a larger cross section - enlarging the external diameter, reducing the internal diameter, or doing both 
things at the same time. 
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